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ABSTRACT

We present a theoretical investigation to explain the electronic and optical
properties of anodic rutile T1O2 thin films of different thicknesses (ranging from
5nm to 20nm). There is experimental evidence that the observed gap state at
0.7eV below the edge of conduction-band is due to an oxygen vacancy. For this
reason, oxygen vacancies are used as defects in our model. A comparison of the
calculated bulk-photoconductivity to photospectroscopy experiment reveals that
the films have bulk-like transport properties with a bandgap Eg = 3.0eV. On
the other hand, a fit of the surface density of states to the scanning tunneling
microscopy (STM) experiment on the (001) surfaces has suggested a surface defect
density of 5% of oxygen vacancies. To resolve this discrepancy, we calculated
the dc-conductivity where localization effects are included. Our results show an
impurity band formation at about pc= 9% of oxygen vacancies. We concluded
that the studied films have defect densities below the threshold of impurity band
formation. As a consequence the gap states seen in STM are localized (i.e: the
oxygen vacancies are playing the role of trapping centers, deep levels) and the
mobility edge is invariant.

1. Introduction

It has been pointed out by Anderson1 that if W/V (where W is the strength of disorder
and V is the nearest neighbor interaction) exceeds a certain critical value Wc/V all of
the eigenstates become localized (Anderson transition), and otherwise the states near
the band center are extended and the band is divided by mobility edges into localized
and extended states. As the disorder (W/V) increases the mobility edges shift toward
the band center and the extended state region shrinks. It is widely2'3 believed now that
the transition of an eigenstate to localized regime is accompanied by a change of its
eigenfunction from extended (= non decaying) one to an eigenfunction whose amplitude
decays to zero for large distances. Although there is no rigorous proof (except in ID),
it is usually assumed that the decay is exponential on the average. The characteristic
length £, which determines this exponential decay, is called the localization length. In
this article we discuss the dependence of the mobility edge on the film thickness (defect
density) in anodic oxides on titanium.

Throughout a comparison of a simplified model for the photoconductivity to the pho-
tospectroscopy experiment, we prove in the next section that the slowly grown anodic



TiO2 films are very close to Bulk rutile in their transport properties. At the end of the
section we describe very briefly our comparison of surface density of states (SDOS) to the
scanning tunneling microscopy (STM) experiments done on anodic TiOi (001) surfaces.
This comparison, however, shows that the films of interest have disordered electronic
structure. In Section 3 we discuss our dc-conductivity results, where localization effects
are included, and resolve this discrepancy. The last section summarizes our conclusions.

2. Photoconductivity

Several studies of the photoelectrochemical properties of anodic oxides on titanium
have been reported4. In these studies the authors analyzed the photospectra using the
simple Butler model (based on the assumption of parabolic band structure) for semi-
conductor/electrolyte junctions5. Indirect bandgaps of 3.3eV were typically reported for
the films4. This value is higher than the bandgaps characteristic of single crystal rutile
(3.0eV) and anatase (3.2eV). In this earlier work the high bandgap was attributed to the
disordered nature of the films4. In our previous work6 (paper I), for slowly grown oxides
thicker than lOnm, we have shown that the electronic structure as revealed by photo-
electrochemical spectroscopy is very similar to that of Bulk rutile with an optical gap of
3.0eV.

In order to determine if the oxide bandgap characteristics were also dependent on
film thickness, photospectra were analyzed for films grown to potentials ranging from 1.5
V to 6.5 V (50A to 200J4 thick). Figure 1 shows experimental indirect bandgap plots
for oxides grown by potential ramping at 0.1 mV/s, the slowest growth rate reported in
the literature, to final voltages 1.5, 3.5 and 5.5 V. The assumption of parabolic bands,
together with the assumption that the photocurrent is proportional to the absorption
coefficient a (i.e: Butler model) leads to the relation:

f]hv = const (hv — Eg)
n (1)

Where 17 is the quantum efficiency and n depends on whether the transition is direct
(n=l/2) or indirect (n=2). If Eq.l is true, a plot of (r^kv)1^ versus hv will provide an
x-axis intercept equal to the semiconductor bandgap. This model5 suggests an indirect
bandgap of 3.3eV to be independent of film thickness as shown in fig.l.

Figure 1. Indirect bandgap plots [4] for films grown to different
thicknesses (Vg = final voltages) at rate 0.1 mV/s. Bias= 1.0 V.



'= e

5.5V

(c) 10% Vac.

-ao - i s -to -5

3.5 V Q

(b) 8% Vac.

O
C -20 - t5

] (a) 1% Vac.
- 1 0 -S

<\ . 1.5 V

2 25 3 35 4 4 i 5
Energy («V)

Figure 2. Comparison of the indirect
bandgap plots of fig.l (crosses) with the
EOM results of photoconductivity (solid
lines). The experimental films are of dif-
ferent thicknesses (Vg~ 1.5, 3.5 and 5.5V).
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Figure 3. DOS (upper curve) and DC-
conductivity (lower curve) for a sample of
size 40x40 units with p= 1, 8 and 10%
vacancies. DC scales in e2/h units are the
one shown times: (a) 30, (b) 4.5, (c) 4.5

We calculated the indirect bandgap plots (solid curves in fig.2) using the same simpli-
fied photoconductivity model described in paper I. In fig.2 we show a comparison between
our theoretical results (solid curves) and the experiments4 of fig.l (curves in crosses). In
the theoretical results, we modeled the oxide as a perfect layer of TiO-i which was ten unit
cells thick and contained no oxygen vacancies. Thus the agreement between theory and
experiment at photon energies just above the band edge is excellent and suggests clearly
a bandgap of 3.0eV. (This reveals that the 3.3eV value suggested by Butler model does
not correspond to a bandgap at all because the approximation of parabolic bands is not
valid6 in TiOj case.) We deduced that the films have electronic structure very close to
Bulk rutile.

In another work8 (paper II) we calculated the surface density of states (SDOS) using
the equation-of-motion (EOM) method and a full tight-binding model developed by Vos7.
A comparison of our calculated SDOS to the STM experiments9 done on anodic TiO2 (001)
surfaces suggested a surface defect density of 5% of oxygen vacancies. Throughout paper
II, it becomes trivial that the gap states seen about 0.7eV below the edge of conduction
band (CB) are raising from oxygen vacancies. This work showed that the electronic
structures of the studied films are disordered.

3. DC-conductivity

A possible explanation to this discrepancy between photospectroscopy and STM ex-
periments is that, though gap states exist, they do not contribute to the photoconductivity
because they are localized. To check this assumption theoretically we have performed cal-
culations of dc-conductivity which includes localization effects on a simplified (2D) model
of the oxide containing one orbital per site and using the EOM method. The new calcu-



lations, which will be reported in more detail elsewhere10, evaluate the Kubo-Greenwood
formula at T = 0°A', given by11 (if Ej = E):

G{E) = ^ ^ J2 I < V\p> > | 2 < ^ - E)6{EV - E) (2)

Where the polarization is taken in the direction of x-axis, a and j3 label eigenstates, Px

is the momentum operator (Px = —^[X,H]), Q is the volume of the sample and H is
the Hamiltonian of the system. We evaluated Eq.2 for a sample of size 40x40 units (1200
sites) containing 1, 5, 8, 9 and 10% of oxygen vacancies. In Figure 3 we show our results
of both density of states (solid lines) and dc-conductivity (dotted lines) for the oxygen
vacancy concentrations of 1, 8 and 10%. Our results10 show an impurity band formation
at a threshold pc fa 9%. For defect density p < pc the gap states are localized and the
functional form of conductivity in the CB as well as the mobility edge are invariant.

4. Conclusion

We concluded that the slowly grown anodic TiC^ films have oxygen vacancies with
concentrations lower than the threshold of impurity band formation. As a consequence
the gap states arising from oxygen vacancies (as seen in STM experiments) are localized.
Therefore the oxygen vacancies are playing the role of trapping centers (deep levels) and
the mobility edge is invariant in these films.
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